The first direct observations of gravitational waves have been made by the Advanced LIGO detectors. However, the quest to improve the sensitivities of these detectors remains, and epitaxially grown singlecrystal coatings show considerable promise as alternatives to the ion-beam sputtered amorphous mirror coatings typically used in these detectors and other such precision optical measurements. The mechanical loss of a 1 μm thick single-crystalline gallium phosphide (GaP) coating, incorporating a buffer layer region necessary for the growth of high quality epitaxial coatings, has been investigated over a broad range of frequencies and with fine temperature resolution. It is shown that at 20 K the mechanical loss of GaP is a factor of 40 less than an undoped tantala film heat-treated to 600°C and is comparable to the loss of a multilayer GaP/AlGaP coating. This is shown to translate into possible reductions in coating thermal noise of a factor of 2 at 120 K and 5 at 20 K over the current best IBS coatings (alternating stacks of silica and titania-doped tantala). There is also evidence of a thermally activated dissipation process between 50 and 70 K.
I. INTRODUCTION
Future long-baseline interferometric gravitational wave detectors are proposed with operation at cryogenic temperatures [1] [2] [3] [4] [5] . These detectors will be used in the observation of gravitational radiation emitted from a range of astrophysical bodies [6] . The first such direct detections have already been announced by the LIGO Collaboration using the Advanced LIGO gravitational wave detectors [7, 8] . Assuming appropriate choices for mirror and suspension materials, cooling these detector parts should result in thermal-noise limited sensitivities considerably below those of current detectors [9] [10] [11] [12] [13] . The current generation of detectors is designed in such a way that a passing gravitational wave will induce a displacement of highly reflective mirrors suspended as pendulums at the end of each of the two interferometer arms [9] . In the case of gravitational wave astronomy it is expected that one significant limit to the sensitivity of the detectors is set by thermal noise associated with the mirror coatings applied to the test masses to reflect the 1064 nm laser light used to illuminate the interferometers [10, [14] [15] [16] [17] . Coating thermal noise is also expected to limit the performance of other cases of precision interferometry as is commonly used in several areas of fundamental and applied science, for example, in the cavities of high-precision frequency-stabilized lasers [18] [19] [20] , in high-resolution optical spectroscopy [21] , in optical frequency standards [22] and in fundamental quantum measurements [23] .
The use of cryogenic cooling to reduce the temperature to either 20 K or 120 K has been suggested as part of the longterm upgrade strategy to improve the detector sensitivity of the Advanced LIGO detectors [2, 3] , while the proposed Einstein Telescope low frequency detector would operate at 10 K [24] [25] [26] [27] . Operation at low temperature will require a change of the test-mass material, since the mechanical loss, and therefore the thermal noise, of fused silica increases rapidly at low temperature, with a broad loss peak at approximately 40 K [28] [29] [30] [31] . Crystalline silicon has been proposed as an alternative test-mass substrate due to its low mechanical loss at cryogenic temperatures [32] and its favorable thermal properties [33] [34] [35] . However, silicon is not transparent at 1064 nm and thus the use of silicon optics would require a change in the interferometer laser wavelength, with wavelengths around 1550-2000 nm currently under consideration [36, 37] .
Single-crystalline coating materials, grown using molecular beam epitaxy (MBE), are an exciting possible alternative to amorphous ion-beam sputtered coatings for use in an interferometric detector operating at 1550 nm. Cole et al. [38] reported mechanical losses of 2.5 × 10 −5 at room temperature for freestanding multilayer gallium arsenide/aluminium gallium arsenide (GaAs/AlGaAs) microfabricated mechanical resonators; a factor of approximately 10 lower than an equivalent ion-beam sputtered silica/tantala coating. The lattice constants of GaAs and AlAs are 5.6533 Å and 5.6611 Å, respectively, whereas the lattice constant of silicon is lower 5.4310 Å [39, 40] . As a consequence, GaAs/AlGaAs coatings are not able to be grown directly on silicon mirror substrates and instead have to be grown on GaAs substrates and then transferred, and bonded, onto the final mirror substrate [38] .
A promising alternative crystalline coating is multilayers of gallium phosphide (GaP) and aluminium gallium phosphide (AlGaP) due to the minimal lattice mismatch between these materials and silicon. The lattice constants of GaP and AlP are 5.4505 Å and 5.4510 Å, respectively, allowing these materials and their alloys to be successfully epitaxially grown directly onto silicon [41, 42] . Recent measurements of a GaP/AlGaP multilayer coating found mechanical losses of 1.4-3.7 × 10 −5 at 12 K, similar to those reported for GaAs/AlGaAs [43] .
Growing high quality III-V epitaxial films on silicon substrates, as represented in Fig. 1 , free from cracks and high density dislocations is challenging. Cracks can be induced due to residual stress in the films from any mismatch between the crystal lattices of the III-V layer and the silicon substrate and from their differing thermal expansion coefficients. A buffer layer, typically a few hundred nanometers thick, is often grown between the substrate and the desired epitaxial structure to eradicate any remaining lattice mismatch and to suppress the formation of antiphase domains, an example of which is shown in Fig. 2 [44] . The quality of any MBE grown III-V multilayer coating depends strongly on the effectiveness of this underlying buffer layer. In the case of a gallium phosphide (GaP) buffer layer, these antiphase defects arise from the bonding of phosphorous-to-phosphorous or galliumto-gallium, resulting in a region in the crystal coating where the atoms are configured in the opposite order to those in an ideal lattice.
These antiphase domains are found more commonly at the interface with the parent lattice and are eradicated by ensuring that the surface of the silicon substrate has double atomic steps [44] . Once the GaP buffer layer has been deposited on the silicon substrate, the desired epitaxial structure can be grown. Here mechanical loss measurements of a 1 μm thick GaP layer grown using molecular beam epitaxy on a silicon substrate are presented to investigate the mechanical loss of the first layer of GaP grown on a silicon substrate.
II. SAMPLE PREPARATION
The 1 μm thick gallium phosphide coating was grown on a silicon wafer using MBE. The coating was grown onto a axis. Cantilever structures, each consisting of a 0.5 mm "clamping block" and longer vibrating section 45 mm long by 5 mm wide and 55.7 μm in thickness, were fabricated from the coated wafer using reactive ion etching. The cantilever structures were designed to be comparable with the cantilevers used in the investigations of amorphous coatings [45] [46] [47] . The shape of the cantilever can be seen in the finite element representation of the shapes of the bending modes in Fig. 3 .
The coating was grown on the silicon substrate by MBE using a two-step growth process of nucleation of atoms on the surface and ordered overgrowth, enabling the decoupling of the formation and growth of antiphase domains [44] . The growth was carried out with a low V/III flux ratio and low growth rate to maximize the annihilation of antiphase domains in the GaP layer [44] . This constrains any antiphase domains to the first ∼30 nm of the buffer layer allowing the overgrowth of the GaP material to be defect free [44] . In situ reflection high-energy electron diffraction was used to measure the growth of the layer until it was determined to be 1 μm thick [48] .
III. EXPERIMENTAL PROCEDURE
A temperature dependent upper limit of the mechanical loss of the 1 μm thick GaP coating, ϕðω 0 Þ GaP , was estimated by measuring the mechanical loss of the bending resonant modes of the cantilever coated with GaP at a range of temperatures and comparing it with the expected loss of a similar uncoated silicon substrate [49] ,
where ω 0 is the angular frequency of the bending mode, ϕðω 0 Þ Si & GaP is the measured loss factor of the silicon cantilever with a GaP buffer layer and ϕðω 0 Þ Si is the loss factor of the silicon substrate. Here, the uncoated loss was taken to be the expected level of thermoelastic loss of a 55.7 μm thick silicon cantilever from Zener et al. to provide an upper limit to the coating loss [50, 51] . t Si and Y Si are the thickness and Young's modulus of the silicon substrate respectively and t GaP and Y GaP are the thickness and Young's modulus of the GaP layer. The Young's modulus of silicon and gallium phosphide were taken to be 166 GPa [52] and 103 GPa [41, 53] . The cantilever was securely mounted to the liquid helium cooled baseplate of a temperature-controlled cryostat [54] . Measurements were carried out under vacuum (< 10 −6 mbar) to prevent any gas damping effects. The bending modes of the sample were excited in turn using an electrostatic actuator positioned a few millimeters below the cantilever. Figure 3 shows ANSYS® finite element analysis models of the second to eighth order bending modes of the silicon cantilever. The dissipation of these bending modes ϕðω 0 Þ can then be found from a fit to the free exponential decay of the resonant motion [49] AðtÞ
The motion was sensed by illuminating the oscillating end of the cantilever with a laser beam and monitoring the resulting shadow with a split photodiode sensor. In each measurement cycle the temperature of the cantilever was increased systematically from approximately 10 K to 300 K, maintained typically to within 0.1 K of the setpoint using a PID controller, and completely reclamped between cycles. The temperature of the cantilever was recorded using a silicon-diode sensor mounted inside a small hole on the stainless steel clamp situated close to the thick end of the flexure. This loss measuring technique is discussed in greater detail by Martin et al. [45] .
IV. RESULTS AND ANALYSIS
The data from the 7.88 kHz bending mode is not included because it was observed to be strongly coupled with a torsional resonant mode of a similar frequency making it difficult to obtain a clean exponential ring-down measurement. These measured mechanical losses were compared with the calculated levels of thermoelastic loss of the 55.7 μm thick silicon substrate at each of the resonant frequencies and the upper limit of the mechanical loss of the GaP layer was calculated using Eq. (1). Figure 4 indicates that the loss decreases generally with temperature.
At 295 K the average loss of the GaP layer was 3.5 AE 0.8 × 10 −4 , which is approximately 2 orders of magnitude higher than the loss reported in epitaxially grown GaP microdisks by Mitchell et al. [55] . It is however, comparable to the 3 × 10 −4 reported loss of tantala and 2.4 × 10 −4 loss of titania-doped tantala at this temperature [46] . The microdisk studied by Mitchell et al. [55] was grown on a gallium phosphide substrate whereas the GaP film investigated here was grown directly onto silicon, so the higher room temperature mechanical loss here is likely to be a result of defect driven process associated with the epitaxial growth on silicon.
The loss of the 3.82 kHz resonant mode studied here shows some scatter below 70 K, possibly due to coupling with a torsional mode at a nearby frequency, but the average loss at 20 K of the other five resonant modes was found to be 2.7 AE 0.2 × 10 −5 , which is comparable to the losses measured on a GaP/AlGaP multilayer stack grown using MBE on a silicon disc [43] . This also suggests the loss of GaP is either equal to or greater than the loss of AlGaP. The peak in the 0.45 kHz resonant mode at 180 K and in the 1.21 kHz mode at 120 K were not observed for any of the higher order modes and are likely to be related to either coupling with a torsional mode at those temperatures or to energy loss into the clamp. There is evidence of a loss peak in every mode, observed between 50 and 70 K. Table I summarizes the average loss of the GaP coating at a selection of temperatures, near to which a future interferometric gravitational wave detector may operate [1, 2] , for comparison with the coating loss of an undoped tantala film heat-treated to 600°C [45] . At 14 K, the lowest temperature possible for comparison, the loss of the GaP coating was found to be a factor of 23 less than the tantala film. In tantala there is a peak in the loss that is not present in GaP and as a consequence the loss of the GaP coating is observed to be a factor of 40 lower at 20 K. Excluding the 1.21 kHz mode, at 120 K the average loss of GaP was found to be a factor of 7 lower than tantala.
Cumming et al. observed that there were some small visible defects on the multilayer GaP/AlGaP crystalline coating whose losses are reported in [43] , and noted that these degraded as the sample was temperature-cycled to cryogenic temperatures. However, there was no evidence, for the coatings studied here, of any damage following the temperature cycling of the single layer 1 μm thick GaP coating.
V. ARRHENIUS ANALYSIS OF LOSS PEAKS IN GAP FILM
A peak in the loss of the GaP layer was observed between 50 and 70 K (as shown in Fig. 4) , with the temperature of the peak increasing with frequency. Further possible indications of this peak are visible in Cumming et al. where the coating loss of a GaP/AlGaP multilayer coating was observed to begin increasing above 40 K [43] . This behavior is characteristic of a thermally activated dissipation process. Such processes can be characterized by a rate constant, τ 0 , and an activation energy, E a , which are related by the Arrhenius equation [56] ,
where τ is the relaxation time associated with the dissipative system returning to its equilibrium after being perturbed. The temperature of the dissipation peak T peak , at resonant angular frequency ω 0 , is related to the activation energy and rate constant using the following [56] :
Therefore, plotting log ω 0 against 1=T peak should give a straight line fit, from which the activation energy and rate constant for the dissipation process can be calculated. loss, observed between 50 and 70 K, of the GaP layer. The activation energy and rate constant calculated from this linear fit, were found to be ð94.7 AE 7.0Þ meV and ð6.7 AE 0.3Þ × 10 −12 s respectively. The exact origin of this loss peak is not known, but it could be attributed to either impurity defects in the crystal structure of the 1 μm thick gallium phosphide coating or to defects within the buffer layer.
VI. ESTIMATION OF THE THERMAL NOISE OF A MULTILAYER GAP/ALGAP FILM
Using the mechanical loss presented here for a single layer of GaP, known to be similar to a multilayer MBE GaP/AlGaP coating, the thermal noise performance of a GaP/AlGaP mirror coating at low temperature can be estimated. In order to achieve the same optical reflectivity as a current Advanced LIGO End Test Mass (ETM) coating (99.99995%), a total of 116 alternating layers of λ=4 optical thickness (here, λ ¼ 1550 nm) GaP and AlGaP would be required, resulting in a total coating thickness of 15.5 μm [43] which is a factor of 1.8 thicker than an Advanced LIGO ETM coating on a silicon substrate correspondingly adjusted to function at 1550 nm.
The power spectral density of coating thermal noise can be approximated as [16] ,
where f is frequency in Hz, T is temperature in Kelvin, Y and σ are the Young's modulus and Poisson's ratio of the substrate, Y 0 and σ 0 are the Young's modulus and Poisson's ratio of the coating (here σ 0 ¼ 0.31 [53] ). ϕ ∥ and ϕ ⊥ are the mechanical loss values for the coating for strains parallel and perpendicular to the coating surface, d is the coating thickness and w 0 is the laser beam radius. In Fig. 6 , the linear spectral density of the Brownian thermal noise arising from a multilayer GaP/AlGaP film is shown for 120 K and 20 K, as an indication of temperatures at which a future cryogenic detector may operate [1] [2] [3] . For comparison, the Brownian noise of an Advanced LIGO ETM on a silicon substrate, with the thicknesses adjusted for operation at 1550 nm, is plotted for 295 K, 120 K and 20 K.
The linear spectral density of the coating thermal noise is proportional to the temperature of the coating; therefore, cooling should provide a reduction in the thermal noise. However, it is also dependent on the mechanical loss of the constituent coating materials, and sharp loss peaks have been observed at low temperatures in single layers of silica [57] , titania-doped tantala [58] and in multilayer doped Ta 2 O 5 =SiO 2 films [59] . Consequently, as shown in Fig. 6 , there is only a 40% improvement in the thermal noise of a similarly cooled Advanced LIGO coating. The low temperature loss peak observed in GaP is located at 50-70 K, and lies away from the 20 K and 120 K temperatures of interest for operation of future gravitational wave detectors. Despite the increase in the required total thickness of coating, the levels of Brownian thermal noise improve over an Advanced LIGO coating by almost 50% at 120 K, and by 80% at 20 K.
VII. CONCLUSION
In the gravitational wave detection era, there is a strong focus to improve the sensitivities of detectors like those used in Advanced LIGO. Thermal noise associated with mirror coatings is the most significant limit to the operating bandwidth sensitivity of the current generation of gravitational wave detectors. Epitaxially grown single-crystal coatings show considerable promise as alternatives to the ion-beam sputtered amorphous mirror coatings typically used in these detectors.
The mechanical loss of a 1 μm thick GaP coating, which incorporates a buffer layer necessary for the growth of high quality multilayer MBE GaP/AlGaP coatings on silicon, has been investigated over a broad range of frequencies and temperatures. At 295 K the upper limit of the loss of GaP film investigated here was higher than the loss reported in epitaxially grown GaP microdisks and is likely to be a result of a defect driven process associated with the epitaxial growth on silicon.
For a reduced temperature of 120 K the loss of GaP improves to a factor of 7 lower than tantala. At 20 K the upper limit of the loss of GaP was determined to be 2.7 AE 0.2 × 10 −5 , which is comparable to the loss of a multilayer GaP/AlGaP stack and a factor of 40 less than an undoped tantala film heat-treated to 600°C. The loss of the 1 μm thick layer studied here may be limited by defects in the buffer region, and the loss of GaP layers higher up the stack in a multilayer coating may potentially be even lower than the losses presented here.
There is evidence of an Arrhenius loss mechanism at 50-70 K which was found to have an activation energy of ð94.7 AE 7.0Þ meV and rate constant of ð6.7 AE 0.3Þ× 10 −12 s. In contrast with observations of GaP/AlGaP crystalline coatings, there was no evidence of any damage to the GaP coating after multiple temperature cycles between room temperature and 10 K.
The results presented here demonstrate that GaP is likely to be a good high-index material but further studies of GaP/ AlGaP are of interest in order to identify the limiting source of loss, the nature of defects and to study the effects of MBE growth parameters on the loss and optical properties.
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